Supramolecular polymers have emerged in the last decade as highly accessible polymeric nanomaterials. An important step toward finely designed nanomaterials with versatile functions, such as those of natural proteins, is intricate topological control over their main chains. Herein, we report the facile one-shot preparation of supramolecular copolymers involving segregated secondary structures. By cooling non-polar solutions containing two monomers that individually afford helically folded and linearly extended secondary structures, we obtain unique nanofibers with coexisting distinct secondary structures. A spectroscopic analysis of the formation process of such topologically chimeric fibers reveals that the monomer composition varies gradually during the polymerization due to the formation of heteromeric hydrogen-bonded intermediates. We further demonstrate the folding of these chimeric fibers by light-induced deformation of the linearly extended segments.
P rogrammed self-assembly of multicomponent molecular systems creates functional nanoarchitectures that comprises segregated supramolecular domains, and exhibit synergetic combinations of different molecular properties [1] [2] [3] [4] [5] [6] . Particularly in nanostructures with one-dimensional (1D) topologies, which can be prepared by the supramolecular polymerization of small molecules [7] [8] [9] , such segregated supramolecular domains may exhibit intricate functions, such as domain-specific molecular recognition and conformational change. However, methods for the facile preparation of such programmed 1D topologies from a mixture of different molecules through spontaneous self-assembly remain challenging 10 . Although the segregated organization of molecular components into two-dimensional (2D) and threedimensional (3D) nanostructures can be guided by differences in the molecular surface energy and interactions with substrates ( Fig. 1a) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , 1D nanostructures are generally prepared via selfassembly in solution, which allows individual molecular components to self-nucleate and elongate into self-sorted fibers (narcissistic self-sorting) [24] [25] [26] [27] [28] . Accordingly, in most cases, the synthesis of such multicomponent 1D nanostructures with segregated molecular domains, i.e., block supramolecular copolymers, relies on seeded-growth approaches, wherein kinetically inert seeds have to be prepared in advance from one monomer, whereas the other has to be co-assembled in a kinetically controlled manner in order to avoid self-nucleation [1] [2] [3] [4] [5] [6] [29] [30] [31] [32] [33] [34] [35] [36] . Furthermore, as similar monomer structures are required to trick the feeded monomers into attaching to the termini of the seeds, structural complexity produced from the coexistence of distinct 1D topologies within single polymer chains, as seen in proteins, remains challenging.
Herein, we report the one-shot synthesis of topologically chimeric supramolecular copolymers that are comprised of distinct secondary-structure segments (Fig. 1b ). This unique polymeric material is developed by the temperature-controlled supramolecular copolymerization of two different aromatic (naphthalene and anthracene) monomers, which individually afford supramolecular polymers with entirely different secondary structures, i.e., helically folded and linearly extended arrangements, despite their similar molecular structures. These monomers carry the same hydrogen-bonding heterocycle (barbiturate), which allows them to assemble into supermacrocycles (rosettes) that are capable of polymerizing primarily via π-π stacking interactions ( Fig. 1c ). Accordingly, these two monomers can potentially co-assemble into heteromeric rosettes. At the same time, the distinct aromatic surfaces of the two acene monomers enable self-sorting through π-π stacking interactions. We find that the interplay of these two supramolecular recognition events can be controlled kinetically, leading to a gradient supramolecular copolymerization, where the monomer composition varies gradually along the main chain. As such, we report the temperature-induced preparation of nanofiber topologies that comprise helically folded and linearly extended segments.
Results
Effect of the π-conjugated core on the secondary structure. In a previous study, we showed that the barbiturate-derived molecule Nap, which contains a diphenylnaphthalene core, affords helically folded supramolecular polymers upon slowly cooling (1.0 K min −1 ) a hot methylcyclohexane (MCH) solution ( Fig. 2a , e) 37 . The helical folding is due to the specific π-π stacking arrangement of the sixmembered hydrogen-bonded rosettes [38] [39] [40] with rotational and translational offsets, which generates an intrinsic curvature in the main chain with a curvature radius of ca. 13 nm ( Fig. 2c ) [41] [42] [43] . To our surprise, the modification of the π-conjugated core from naphthalene to anthracence (Nap → Ant; Fig. 2b ) resulted in an entirely different morphology, i.e., linearly extended fibers lacking intrinsic curvature, as revealed by atomic force microscopy (AFM) and transmission electron microscopy (TEM) ( Fig. 2f and Supplementary Fig. 1 ). The small-angle X-ray scattering (SAXS) profile of the Ant solution showed only fractal-like scattering, which is very different from that of Nap ( Supplementary Fig. 2 ) 37 . The latter displays a non-periodic oscillatory feature in the range Q = 0.3-0.9 nm −1 , which we attributed to its intrinsic curvature 40 . The width of the Ant fiber (ca. 8.6 nm; Fig. 2f ) is by 0.8 nm larger than that of Nap (ca. 7.8 nm; Fig. 2e ), which is consistent with the difference of the diameters of their rosettes ( Fig. 2a, b ). Neither very slow cooling (0.1 K min −1 ) nor prolonged aging of the solution (several weeks) induced any curvature on the Ant fibers. Force-field molecular mechanics calculations of the Ant and Nap rosettes revealed almost the same geometrical features in terms of twisting of the acene moieties, while upon stacking the rosettes, a larger overlap of the acene moieties was observed for Ant (Supplementary Figs. 3 and 4) . Indeed, upon cooling, the Ant solution showed merely a simple hypsochromic shift of its broad absorption band ( Fig. 2h ), which stands in contrast to the bathochromic shift observed for that of Nap ( Fig. 2g ). Accordingly, the extension of the acene moiety from naphthalene to antracene results in a smaller degree of rotational/translational displacement of the stacked rosettes due to stronger π-π stacking interactions, which could be a major cause for the loss of intrinsic curvature ( Fig. 2d ). These dramatically different supramolecular homopolymer topologies for Nap and Ant, despite their similar molecular structures, motivated us to explore one-shot preparations [44] [45] [46] [47] [48] [49] of supramolecular copolymers, where the two components are inhomogeneously mixed to form segments with distinct secondary structures.
Kinetic preparation of chimeric supramolecular fibers. We studied the temperature-induced supramolecular copolymerization of Ant and Nap by cooling a monomeric mixture in MCH from 373 to 293 K at a constant cooling rate. As discussed later, we chose 1:1.5 as the optimum mixing ratio for Ant (c = 1.0 × 10 −5 M) and Nap (c = 1.5 × 10 −5 M). We discovered that the cooling rate, which greatly affects degree of kinetic contribution in surpamolecular polymerization 43, [50] [51] [52] [53] [54] , is also a key parameter for such oneshot gradient supramolecular copolymerizations. For example, a very slow cooling rate (0.1 K min −1 ) resulted in a simple mixture of linearly extended fibers and coiled fibers, as shown by AFM ( Fig. 3a and Supplementary Fig. 5a, b ). This result indicates that under thermodynamic conditions, the two monomers are allowed to selfsort. On the other hand, nanofibers comprising helically coiled and linearly extended segments were obtained upon applying higher cooling rates (1.0-5.0 K min −1 ; Fig. 3b and Supplementary  Fig. 5c, d ). Most fibers present an ABA-(helical-linear-helical)-type structure, which suggests that Ant first forms a linear segment, before Nap forms helical segments (vide infra). Hereafter, we refer to these unique fibers, which feature distinct secondary-structure segments, as chimeric fibers. It should be noted that these chimeric fibers are kinetically very stable, as their population in solution remains unchanged, even after 1 week. While the fusion of two well-defined secondary-structure segments was confirmed unambiguously by AFM measurements, the interplay of the supramolecular polymerization processes of the two monomers was examined by variable-temperature absorption measurements ( Fig. 3c, d ). To analyze these spectra, we also evaluated the individual supramolecular polymerization processes in MCH. As already shown in Fig. 2g , h, upon cooling from 373 (fully monomeric state) to 293 K (fully aggregated state), both Nap and Ant display absorption changes that should be attributed to electronic interactions between the aromatic cores. By plotting the absorbance change (ΔA = A T -A 373 ) at 470 nm as a function of the temperature, we obtained contrasting curves, i.e., ΔA increases negatively for Ant and positively for Nap, which results from their different stacking modes (blue and red curves in Fig. 3e, f ). Both curves are non-sigmoidal, suggesting a cooperative supramolecular polymerization that is characterized by the elongation temperature (T e ) that separates the nucleation and elongation processes ( Supplementary Fig. 6a, b ). The T e was found to increase with increasing initial concentration of the monomers Supplementary Fig. 6c ). The T e of Ant at c = 1.0 × 10 −5 M (361 K) is higher than that of Nap at c = 1.5 × 10 −5 M (353 K). Although the two monomers in a mixture at this ratio may form an equilibrium mixture of diverse hydrogen-bonded species before nucleation, Ant rosettes can nucleate first owing to it's highest aggregation capability, and Ant is further consumed from the mixture through self-recognition process driven by π−π stacking interactions. Accordingly, the experimentally observed helical-linear-helical structure reflects well the higher T e of Ant than that of Nap. The sum of the above homopolymerization curves provides a characteristic down-up trajectory with decreasing temperature (black curve in Fig. 3e, f) , pointing to a higher T e for Ant than for Nap in a 1:1.5 mixture.
These simulated curves emulate a situation wherein the individual polymerization pathways of the two monomers in the 1:1.5 mixture do not interplay but lead to narcissistic selfsorting. The most important feature of these calculated curves is the sharp negative-to-positive transition of ΔA at 354 K, which indicates the nucleation of Nap during its cooperative supramolecular polymerization. Indeed, the experimental curve recorded at a cooling rate of 0.1 K min −1 (green curve, Fig. 3e ), for which self-sorted fibers were observed by AFM ( Fig. 3a) , exhibits a similarly sharp ΔA transition (Fig. 3e, inset) . The transition temperature of the experimental curve is higher by 2.5 K than that of the simulated curve. This is most likely because a minor amount of Nap is incorporated as Ant-rich rosettes (e.g., rosettes composed of five Ant and one Nap molecules). If such Ant-rich rosettes are allowed to nucleate with the homomeric rosette of Ant, the nucleation temperature should be higher than that of pure Ant because of an apparent increase of the concentration of Ant, which is in line with the experimental data. In the elongation regime, on the other hand, the ΔA values of the experimental curve are always larger than those of the simulated curve (Fig. 3a ). This can be explained in line with the incorporation of a minor amount of Ant in Nap-rich rosettes. The incorporated Ant molecules should also form slipped stacking to show bathochromic shift, contributing on the increase of ΔA at 470 nm. Although the two monomers cannot selfrecognize through hydrogen-bonding and form an equilibrium mixture of diverse hydrogen-bonded species before nucleation, they can quasi-narcissistically self-sort into Ant-rich and Naprich fibers under thermodynamic conditions (Fig. 3g) . The experimental and simulated absorption spectra at a temperature slightly lower than the nucleation temperature of Ant are exactly the same ( Supplementary Fig. 7) , which further corroborates that Ant first nucleate from the equilibrium mixture.
In contrast, the experimental curve recorded at a cooling rate of 1.0 K min −1 showed a moderate negative-to-positive transition of ΔA in the range of 352-348 K (green curve, Fig. 3f ). The moderate increase in the number of aggregated Nap molecules is indicative of nucleation suppression, which strongly suggests that Nap can be gradually incorporated into elongating Ant-rich fibers [55] [56] [57] [58] [59] under kinetic conditions that do not allow their self-recognition through π-π stacking interactions (Fig. 3h ). In this sense, we have realized a gradient supramolecular copolymerization.
The chimeric structural features of the supramolecular copolymers were further evaluated by fluorescence studies. Owing to the distinct stacking mode of the rosettes, Ant and Nap display distinct emission properties in the aggregated state (Supplementary Fig. 8 ). At 373 K, both monomers exhibit vibronic emission bands that should be attributed to the emission from a locally excited (LE) state according to density functional theory (DFT) calculations ( Supplementary Fig. 9 ). Upon cooling, only Nap shows a new broad emission band that is shifted toward the visible region, whereas a simple increase of the LE emission is observed for Ant. The broad emission band of Nap can be interpreted in terms of excimer emission derived from slipped stacking of the naphthalene moieties ( Supplementary Fig. 4 ). The absence of a similar emission band for Ant, on the other hand, can be rationalized by a larger overlap of the anthracene moieties, which does not allow radiative excited state 60 . Instead, the LE emission is enhanced as a result of suppression of non-radiative decay such as bond twist by aggregation. While the excimer emission of Nap and the LE emission of Ant are sufficiently separated, the absorption band of Nap overlaps considerably with the LE emission of Ant (Fig. 4a )-a situation where energy transfer from Ant to Nap may occur if they are co-assembled in supramolecular polymers. At 293 K, when the solution of the 1:1.5 mixture prepared by cooling at 1.0 K min −1 was excited at 283 nm, i.e., where Ant is preferentially excited, the LE emission intensity of Ant (λ em = 426 nm) was attenuated by a factor of 0.62, while the excimer emission of Nap (λ em = 557 nm) was enhanced by a factor of 1.5 in comparison with those of a mixture of preformed homopolymers ( Supplementary Fig. 10 ). The same difference could be confirmed when compared to the cooling at 0.1 K min −1 with a factor of 0.68 for the attenuation of the LE emission from Ant and a factor of 1.34 for the enhancement of the excimer emission from Nap (Fig. 4b, c) . This difference subsequently manifests in different emission colors (Fig. 4d) .
We further monitored the emission intensity of Ant upon cooling a 1:1.5 mixture at 0.1 or 1.0 K min −1 . In case of 0.1 K min −1 , the Ant emission in the mixture increases monotonously, similarly to the case of Ant homopolymerization (blue curves in Fig. 4f ). This clearly reflects the orthogonal selfassembly processes of Ant and Nap. On the other hand, in the case of 1.0 K min −1 , the Ant emission in the mixture temporarily decreases from 350 to 340 K (blue curves in Fig. 4e ), which was then compensated by a temporarily sharp increase of the Nap emission (red curves in Fig. 4e ). Similar results were obtained at a cooling rate of 5.0 K min −1 ( Supplementary Fig. 11 ). These results demonstrate the interplay of the supramolecular polymerization processes of the two monomers under kinetic conditions.
Modulation of the chimeric structure. Another important factor during the gradient supramolecular copolymerization is the concentration of the respective monomers, which is reflected in the fact that unbalanced mixing failed to yield gradient supramolecular copolymers. For example, 1:0.5 mixing of Ant (c = 1.0 × 10 −5 M) and Nap (c = 0.5 × 10 −5 M) resulted in a mixture of extended linear fibers characteristic of Ant and a minor amount of short curved fibers ( Fig. 5a and Supplementary  Fig. 12 ), even though Nap itself can form helically elongated fibers at this low concentration 37 . Conversely, when Nap was added in excess to Ant (e.g., 1:2, 1:2.5, and 1:3 mixtures), only the helically or randomly coiled fibers characteristic of Nap were observed ( Fig. 5b and Supplementary Figs. 13-15 ). These results suggest that, if one monomer is present in large excess 61 , selfnucleation of the minor monomer does not occur, and the heteromeric rosettes that are primarily composed of the major monomer organize into secondary structures characteristic of the major monomer component without forming intermediate topologies featuring larger curvature radii.
As such, one-shot gradient supramolecular copolymerization occurs only when the two monomers are mixed in a balanced fashion so that they can essentially self-sort (e.g., Ant:Nap = 1:1-1:1.5). To quantitatively analyze the yield of the copolymers, we randomly captured more than ten AFM images of a sample solution, and analyzed all existing fibers in the acquired images using a graphic software program (Supplementary Method). By virtue of the distinct secondary structures of Ant and Nap, we could clearly discriminate copolymers from homopolymers. From the 1:1 mixture ([Ant] = [Nap] = 1.0 × 10 −5 M), only a small amount of copolymers was observed. Among the 173 fibers found in the 14 AFM images recorded, 35 (20%) and 126 (73%) fibers were composed solely of linearly extended and helically coiled secondary structures, respectively, suggesting that they were homopolymers with minor inclusion of the other monomer ( Fig. 5k ). Only the remaining 12 (7%) fibers presented chimeric structures (Fig. 5k ), but these were predominantly composed of a linear segment with spirally curled ends ( Fig. 5c and Supplementary Fig. 16 ). The average length ratio of the linear and coiled segments of these chimeric fibers (L linear :L coil ) obtained from the 1:1 mixture was estimated as 60:40. The low yield of the chimeric fibers and their predominant linear segments that are primarily composed of pure Ant and Ant-rich rosettes can be correlated with the smaller overlap of the temperature regime for polymerizing pure Ant and Nap at 1.0 × 10 −5 M: the molar fraction of aggregated Ant molecules already reaches 0.65 at the T e (345 K) of Nap ( Supplementary Fig. 6d) .
A larger overlap of the temperature regime of polymerization was achieved for the concentration of Ant at 1.0 × 10 −5 M by increasing the concentration of Nap to e.g. 1.3 × 10 −5 M (1:1.3 mixture) and 1.5 × 10 −5 M (1:1.5 mixture), where the molar fraction of aggregated Ant molecules at the T e (350 and 353 K) of Nap was reduced to 0.5 and 0.4, respectively ( Supplementary  Fig. 6d ). Under these conditions, we obtained ca. 30% and 45% of fibers as chimeric structures featuring helically coiled ends from the 1:1.3 and 1:1.5 mixtures, respectively (Fig. 5d-k and Supplementary Figs. 17-19 ). These chimeric fibers showed an elongation of the coiled segments with average L linear :L coil = 54:46 and 37:63 for the 1:1.3 and 1:1.5 mixtures, respectively. From the L values, degree of polymerization (DP) for each segment was calculated ( Supplementary Table 1 ), giving DP linear :DP coil = 1:0.9 and 1:1.8 for 1:1.3 and 1:1.5 mixtures, respectively. This result shows the proportion of DP coil in the chimeric fibers increase by increasing the concentration of Nap. Accordingly, the percentage of chimeric fibers, whose coiled segments account for 50% of the total fiber length, increased from 22% in the 1:1 mixture to 46% in the 1:1.3 mixture, and to 79% in the 1:1.5 mixture (Fig. 5l-n) . It should be noted that the respective segments are not purely composed of one monomer, but contain a minor amount of the co-monomer, as already demonstrated by the experiments for the largely biased mixtures.
Photoinduced folding. To shed light onto the quasi-block nature of our gradient supramolecular copolymers, we attempted segment-selective topological alterations by photochemical reactions. In the present system, Ant was expected to undergo intermolecular photodimerization 62,63 since its anthracence cores overlap significantly upon the supramolecular polymerization ( Supplementary Fig. 4b, d ). We thus initially examined the possibility of photoinduced topological changes in the supramolecular homopolymer of Ant. Upon irradiation of the homopolymer solution with ultraviolet (UV) light (λ = 365 nm; 17 W LED lamp) for 90 min, attenuation of the absorption and emission bands was observed, which is characteristic for the photoreaction of anthracence chromophores ( Supplementary  Fig. 20a, b ). Based on nuclear magnetic resonance (NMR) and UV-visible (Vis) analyses in CDCl 3 ( Supplementary Fig. 20c-e ), a photoconversion yield of 16% in MCH was established. Despite the low photoconversion yield, AFM measurements revealed inhomogeneously curved UV-irradiated Ant fibers ( Fig. 6a and Supplementary Fig. 21 ). The inhomogeneity of the curvature was corroborated by a marginal change in the SAXS profile (Supplementary Fig. 22 ). The UV-induced curvature can thus be attributed to an attenuation of the stiffness of the supramolecular polymer chains due to defects randomly generated upon photodimerization (Fig. 6b ). In sharp contrast, the helical fibers of Nap were virtually insensitive to the same UV-light treatment, and significant changes were not observed for the absorption or emission spectra ( Supplementary Fig. 23 ). These results are not suprising considering the intrinsically low photoreactivity of naphthalene chromophores and their smaller overlap upon supramolecular polymerization. UV irradiation of a chimeric fiber solution (Ant:Nap = 1:1.5) for 90 min resulted in a comparable emission decrease for Ant, Supplementary Fig. 24a ). In contrast to the homopolymer case, the emission of Nap was also reduced after UV irradiation ( Supplementary Fig. 24b ). As the SAXS profile of the solution remained unchanged after UV irradiation ( Supplementary Fig. 24c ), the reduction of the Nap emission can be most likely ascribed to the decrease in the concentration of Ant due to the photodimerization. The AFM images of the UV-irradiated mixture show compactly folded fibers by the loss of Ant-rich linear segments, while the Nap-rich helical segments remained intact ( Fig. 6c and Supplementary  Fig. 25 ). This dramatic topology changes can be rationally interpreted by the loss of stiffness of the Ant-rich linear segments after the photoreaction, allowing intrachain cohesion of Nap-rich helical segments 37 through dynamic conformational changes in solution (Fig. 6d ).
Discussion
We have demonstrated a supramolecular polymerization concept that provides access to unique nanostructures. The non-covalent polymerization of two monomers that inherently exhibit distinct nanofiber topologies afforded supramolecular nanofibers with segregated helical-linear secondary-structure segments. Remarkably, this procedure does not require the prior preparation of any segments, which is often the case with supramolecular block copolymers [1] [2] [3] [4] [5] [6] [29] [30] [31] [32] [33] [34] [35] [36] . Instead, a simple mixing of the two monomers under a temperature-gradient regime results in their spontaneous segregation in a single fiber owing to the different binding strengths of the respective monomers. This situation should, in principle, afford self-sorted supramolecular homopolymers. However, the hierarchical nature of our supramolecular polymerization approach, i.e., the indirect polymerization of monomers via the formation of hydrogen-bonded supermacrocyclic intermediates, and the very high kinetic stability of the main chains thus formed, leads to a gradual variation of the monomer composition along the main chain. This is a remarkable merit of self-assembled small molecular materials with well-programmed hierarchical nature, and can potentially be applied to other materials, such as liquid crystals and gels. In addition to this methodology, the level of topological control on the present supramolecular copolymers represents another important step toward the realization of complex functional properties, similar to those exhibited by proteins, using supramolecular polymer materials. Toward this goal, we are currently exploring the supramolecular copolymerization of further functional building blocks that are active in metal-coordination and/or chemical reactions. 
